Internal instability occurs when the finer fraction from a well-graded granular soil escapes with the infiltrates, rendering a filter ineffective. Thus far, numerous particle size as well as constriction size distribution-based geometrical methods have been proposed to assess potential internal instability. This paper reports the results from hydraulic tests performed on six granular soils (five well-graded sand-gravel mixtures and medium sand) at different uniformity coefficients and compacted at varying relative density. The study facilitated an objective evaluation of some of the well known published methods, leading to a more realistic interpretation of filtration data based on a revised technique, which accurately demarcates the boundary between internally stable and unstable granular soils. A large body of published data and the current laboratory results were used to validate the proposed criterion for the assessment of internal instability, which is also sensitive to the relative density of the filter that has been ignored in most previous methods. Abstract:
Introduction

5
Granular filters are expected to arrest the fine base soils that are eroded from an earth structure 6 (e.g. dam core and subgrade) without clogging. In this respect, its own skeletal structure should 7 remain intact during the entire filtration process. Such filters are termed internally stable and 8 require conformation to an appropriate constriction based retention criterion that has been Skempton and Brogan, 1994) . 17 
18
The phenomenon of internal instability has earned much attention from researchers in the past 19 (e.g. USACE, 1953; Kezdi, 1979; Honjo et al. 1996 etc) . The potential of internal instability is 20 believed to be the function of soil gradation for which various geometrical assessment methods 21 have been proposed (e.g. Sherard, 1979 ; Kenney and Lau, 1985; Burenkova, 1993; Indraratna 22 et al. 2011). However, the onset of internal instability in granular soils is governed by the 23 hydro-mechanical factors (Li and Fannin, 2008; Wan and Fell, 2008) . Kezdi (1979) applied 24 Terzaghi's criterion of filter design to a given granular particle size distribution (PSD) after 25 dividing it into coarser and finer fractions. The division point on the curve was chosen 1 repeatedly in search of the maximum value of , which is the ratio between the representative 2 particle sizes of the coarser filter fraction 15 and the finer base soil fraction 85 , respectively 3 (Skempton and Brogan, 1994; Reddi, 2003) . A limiting value of 4 may be acceptable for 4 loosely packed filters, and a slightly higher value may be used for dense filters that have a 5 clear division point between the coarser and finer fractions. A less conservative boundary of 5 6 was proposed for by Sherard (1979) , and the criterion of Kezdi (1979) and examined the role of particle gradation in greater depth. Based on the experimental results, 12 the particle size distribution (PSD) was related to the constriction size distribution (CSD), 13 whereby the ( / ) ratio was considered to represent the potential of suffusion. H is the 14 percentile fraction by mass between particle size d and 4d, with the assumption that a particle 15 of size d can pass through the constrictions produced by the particle sizes equal to or greater 16 than 4d. F represents an arbitrarily chosen point on the PSD curve that does not exceed 30% 17 finer for uniformly graded and 20% finer for well graded granular soils, corresponding to a The primary fabric forms a variety of constriction sizes, depending on its PSD and relative inadequate data to compute CSD prevented objective comparisons, so no clear boundaries could
10
be drawn between the stable and unstable samples.
12
The objective of the current study was to evaluate and improve upon the available geometrical past geometrical criteria, the proposed criterion is sensitive to both particle size distribution
20
(PSD) and the relative density ( ) of the filter medium. 50, 70, and 95% and the marginally stable C-23 sample was compacted at = 5, 30, 60, and
10
95%. This approach enables one to examine whether or not the internal instability potential However, the application of Sherard (1979) 's approach classifies all the current test gradations 18 as internally stable except C-23 ( Fig. 2(b) ). In the following sections of this paper, all these 19 specimens have been re-analysed experimentally. densities were then attained by controlling the dry soil mass, volume, and moisture content.
18
The sample preparation method of Skempton and Brogan (1994) than the theoretical critical hydraulic gradients ( , ℎ ), as summarized in Table 1 . specimens. Therefore, one may assume that the eroded particles were sufficiently fine enough 14 to be carried by the outflow velocity. compaction is indeed a key factor controlling the internal stability of granular soils.
14
The stable specimens generally abided by the piping theory (Terzaghi, 1939) , whereby the along the height of a tested sample, after allowing post-test subsidence prior to being subjected 10 to sieve analysis. Not surprisingly, it was the loose C-10-R5 sample that indicated slightly 11 higher net settlement (i.e. 2-2.5mm) compared to the rest of stable samples. However, the total 12 reduction in height never exceeded 2% with the increasing compaction level, irrespective of 13 whether a sample was stable or unstable, even if the loss of fines was as high as 16%.
15
Three distinct zones are defined in Fig. 7 , wherein, the stable and unstable samples plot in 17 18 A method of estimating the percentage of eroded fines from a given PSD is depicted in Fig. 9 .
Estimation of Eroded Fines from PSD
19
It involves the discretization of both curves (i.e. original as well as that subjected to erosion) (1) percentage of eroded fines from the central layer estimated using the proposed method (Eq. 1), 12 and a comparison of the pre-and post-test uniformity coefficients are, presented in Table. 1. In order to evaluate the potential of internal instability, the granular filter itself can be idealized 17 into a base soil-filter system depending on its gradation (PSD curve) and the Relative Density,
18
. Naturally, the choice of demarcation on the PSD curve requires caution, and the following 
23
(ii) The resulting coarser fraction may now be assumed as the filter component, while the 24 finer fraction is considered as the base soil. when the proposed CP-CSD method is used to delineate the potential of internal instability.
6
The results of internal instability assessments from the CP-CSD method for the same set of 92 7 data points are presented in Fig. 12(b Based on the above analysis, it was found that the proposed CP-CSD method could assess the samples from the unstable counterparts as accurately as possible. densities were increased from 6.1% to 71.1% and from 7.35% to 32.05%, respectively.
15
Therefore, in order to accurately predict the internal stability of a granular mass, it is 16 imperative to consider both its PSD and in tandem, thus elucidating the prominent role of 17 the constrictions too, and not just the particle sizes as considered in conventional geometrical 18 approaches.
20
The proposed approach (CP-CSD) coupling two distinct PSD and CSD based methods predictions, compared to just one inaccurate assessment by the proposed CP-CSD method (i.e.
6
≈99% success). This single discrepancy could be attributed to excessive vibration imparted 7 during hydraulic testing. Given that the proposed CP-CSD technique incorporates the significance of both particle sizes 10 and the sensitivity to the degree of compaction (hence the role of constriction sizes), it is more 11 reliable and realistic to be used in practice compared to the past geometrical methods.
12
Nevertheless, considering the nature of test samples considered herein, caution must still be of Wollongong (Australia), respectively, is gratefully acknowledged. West Conshohocken, Pa. Geotechnique, 56(7), 497-500. 
